Abstract: This paper presents our work over the last decade in developing functional microrobotic systems, which include wireless actuation of microrobots to traverse complex surfaces, addition of sensing capabilities, and independent actuation of swarms of microrobots. We will discuss our work on the design, fabrication, and testing of a number of different mobile microrobots that are able to achieve these goals. These microrobots include the microscale magnetorestrictive asymmetric bimorph microrobot (µMAB), our first attempt at magnetic actuation in the microscale; the microscale tumbling microrobot (µTUM), our microrobot capable of traversing complex surfaces in both wet and dry conditions; and the micro-force sensing magnetic microrobot (µFSMM), which is capable of real-time micro-force sensing feedback to the user as well as intuitive wireless actuation. Additionally, we will present our latest results on using local magnetic field actuation for independent control of multiple microrobots in the same workspace for microassembly tasks.
Introduction
With the advent of numerous microfabrication techniques, the prospect for microscale robots has greatly increased over last decade. A fully autonomous fleet of microrobots can potentially revolutionize both in vitro and in vivo cell manipulation/sensing techniques for the biomedical field, assembly operations of heterogeneous microscale objects in the manufacturing field, and targeted drug delivery and biopsy operation in the medical field. Miniaturization of the robot footprint by taking advantage of modern fabrication techniques comes with the challenge of accommodating on-board power, sensing, communication, and control. Often, the robot's footprint needs to be scaled up in order to accommodate all these accessories, which makes it unsuitable for most of the aforementioned applications.
The challenge is to have a robot small enough to be able to perform these tasks while still having on-board sensors and actuators. Our current research is driven by answering the question: can we out-source all the auxiliary components (e.g., power, sensor, communication and control) to an off-board system and still be able to operate a fully autonomous fleet of wireless mobile microrobots?
Over the years, many microrobot actuation methods have been proposed and studied by researchers. Some of them include: electrostatic [1, 2] , electro-active using ionic polymer-metal composites [3] [4] [5] [6] [7] , magnetic [8] [9] [10] [11] , electrical-magnetic hybrid [12] , opto-thermal [13] [14] [15] , optical [16] [17] [18] , microfluidics [19] , bacteria driven [20] [21] [22] [23] [24] , and chemical [25] [26] [27] techniques. Of them, magnetic, optical, and microfluidics are non-contact in nature making them suitable for off-board operations. Magnetic actuation has garnered lots of attention in the last decade because of the large range of forces it can provide [28] , the ease in ability to make customizable systems [29] , cost effectiveness, and its ability to be integrated with many medical instruments, such as magnetic resonance imaging (MRI) machines [30] and ultrasound. One of the greatest limitations to magnetic actuation is the working distance, which reduces the magnetic field strength as a function of distance squared. To overcome this problem, the microrobots can be designed with a higher magnetization, which will make them more responsive to lower magnetic fields. Otherwise, larger currents can be used in the coil systems but this solution has heat and power consumption limitations. Using these solutions in conjunction with a control algorithm that modulates the magnetic field strength based on the location of the microrobots in the workspace will result in smoother actuation.
Typically, robots need to be equipped with sensors/end effectors in order to realize their full potential [31] , enhancing their capabilities and functions beyond just locomotion. Our microrobots are fabricated with functional components that are suitable for a particular task, e.g., end-effectors for manipulation, elastic components to indirectly sense force, etc. A fully autonomous functional microrobot must sense the world for feedback. Finely controlled microrobots are applicable to multiple biological applications, such as single-cell manipulation [32, 33] and the arrangement of cells in particular configurations in scaffolds for tissue engineering applications [34] . The ability to sense micro-forces accurately and in real-time is desired for the expansion of possible applications of mobile microrobots to areas like intelligent biomanipulation, mechanobiology, and even for advanced theranostics [35] . The most popular means of collecting information from an on-board sensing element is through passive sensing (e.g., with MRI or optical imaging). Optical imaging with an overhead camera is suitable for in vitro applications as well as microassembly operations. However, for in vivo operation, MRI or ultrasound imaging are typically the only available options. The challenge here is to make the functional components within the limited footprint of the robot that are sensitive enough to be operated with passive sensing elements that can be observed by an imaging system.
Generaly, micro-force sensing has been performed based on microelectromechanical systems (MEMS), such as piezoresistive sensors [36] [37] [38] [39] , strain gauges [40, 41] , and capacitive sensors [42] [43] [44] . These devices are usually extremely delicate and are used in very specific applications. Furthermore, they can be expensive and difficult to integrate into typical experimental test-beds. Similarly, an atomic force microscope (AFM) has been used for micro/nano force sensing [45] . However it suffers from similar problems due to its bulkiness and high cost. Thus, one of our goals is to develop wirelessly controlled microrobots with micro-force sensing capabilities that are versatile, relatively inexpensive, and have a wide range of applications.
Using magnetic actuation, microrobots can be wirelessly and accurately controlled in the workspace. However, the global nature of magnetic actuation is a discouraging factor in designing a fully autonomous fleet of magnetic microrobots that can be controlled individually. Therefore, a major research question is: how can one independently actuate multiple magnetic microrobots?
Our microrobots are designed to be operated in an environment with multiple dynamic obstacles. In a multi-robot operation, each robot is treated as an obstacle with respect to the other and they communicate and synchronize their movements through a centralized system. The planning and control for multiple microrobots becomes challenging since it has to take into account randomly moving obstacles as well as synchronize each individual robot's path with one another. Furthermore, the planner must be robust to any uncertainty that may arise from sensing and actuation of the system.
In this paper, we will discuss three microrobot designs in light of the challenges and issues mentioned above. We will also discuss our independent robot swarm platform to address the challenge of planning and control of a multi-microrobot system. The rest of the paper is organized as follows: Section 2 describes the design and fabrication of our first microrobot that tackled the mobility challenges present at the microscale; Section 3 describes our tumbling microrobot, which elevated the mobility capabilities of the previous microrobot and can be used for biomedical applications; Section 4 describes our mobile micro-force sensing microrobot; and Section 5 describes the design and functionality of our local magnetic field system capable of independent control of magnetic microrobots. Figure 1 shows a general progression of the microrobotic work done by our lab over the last decade, including the work discussed in this paper. The following sections will give more details to each of these microrobots and systems. We conclude our paper in Section 6 with a discussion of the importance of the different microrobots we have developed over the years in light of the challenges laid out above. 
Magnetostrictive Asymmetric Thin Film Bimorph Microrobot (µMAB)
Our microrobot exploration started by addressing the mobility challenges present at the microscale. Aiming at the 2010 Mobile Microrobot Challenge, the first microrobot design was a micro-scale magnetostrictive asymmetric thin film bimorph (µMAB) microrobot [46, 47] (Figure 2 ). Similar to the piezoelectric effect, a magnetostrictive material generates strain in the presence of an external magnetic field. The µMAB design binds a magnetic layer on top of a non-magnetic layer. This bimorph structure will then bend due to the magnetostrictive strain. This way, pulsing a magnetic field on and off will alternately bend and straighten the microrobot body. The deflection of the layered structure was simulated using a piezoelectric finite elements model (FEM) model, translated from magnetostrictive parameters. When the design geometry is asymmetric at both ends, the blocking force due to bending will also be uneven. Therefore, the resulting differential of blocking force from the rear and front ends will translate the microrobot body across the substrate in a step-wise fashion.
The µMAB was prototyped using microfabrication techniques in a cleanroom. The non-magnetic layer was made out of SU-8 photoresist (Microchem) that was patterned onto the Silicon wafer using a simple photolithography process, as outlined in the photoresist's datasheet. Then, the magnetic layer was deposited using a physical vapor deposition (PVD sputtering) method. One of the challenges of this deposition method is the limits on the thickness of the thin film, which can hardly achieve one micron, usually in the nanometer-range. Most magnetic materials present the magnetorestrictive property, however not in a significant manner like a few composite materials, such as Terfenol-D. Unfortunately, Terfenol-D cannot be deposited using the PVD deposition process. Therefore, we used a Nickel layer instead. Given the magnetic layer with suboptimal magnetorestrictive property, the µMAB microrobot prototype was actuated on a dry substrate by a pulsating magnetic field. It turned out that only a portion of the trials showed the expected vibrating step-wise motion. It was also observed that the robot translation is significantly influenced by the local substrate condition.
Given these imperfections, our first µMAB magnetic microrobot still demonstrated mobility on a dry substrate, which is the critical requirement for the microrobot to work in realistic working environments. The mobility on complex surfaces is still one of the major challenges for microrobots. For this reason, we have investigated another magnetic microrobot design with enhanced mobility capabilities, as detailed in the following section. [46, 47] ).
Micro-Scale Tumbling Magnetic Microrobot (µTUM)

Microrobot Design Overview
Our second mobile magnetic microrobot design was a micro-scale tumbling magnetic microrobot [48] [49] [50] (µTUM). It addressed the mobility challenge on the complex dry substrate with the novel tumbling mechanism. This type of motion was chosen because the pulling force induced from gradient fields is often not strong enough to overcome surface forces between the microrobot and the surfaces they rest on, especially in dry or sticky environments, common to biomedical applications. Drawing inspiration from living organisms and from previous microrobot works, new locomotion forms such as stick-slip motion [51] , and oscillating micro-swing hammers [52] were examined. Many of these methods have a point in the motion gait in which the microrobot loses contact with the surface in rough terrain and the motion becomes uncontrollable. Based on that, a dumbbell-shaped microrobot with tumbling locomotion was chosen. The key idea here was to use a different microrobot design and magnetic actuation technique to avoid the significant surface forces that the microrobot can experience. The design along with an alternating or rotating magnetic field is capable of tumbling (rolling) over the complex terrains with large surface forces due to the robots decreased contact area with the surface.
The first generation of µTUM was made out of two magnetic ends with opposite polarities and a non-magnetic bridge component joining the two, as shown in Figure 3I -a. In order to achieve the desired tumbling motion, an alternating magnetic field was used. When a vertical magnetic field is applied, one side of the microrobot is repelled from the surface while the other one is attracted. Then, a horizontal field is applied, making it tilt to one side, and then turned off to complete one tumbling cycle, as in Figure 3I -b. Experimental tests have demonstrated reliable locomotion through various surfaces, and unlike the µMAB and other microrobots designs working on dry substrates, the µTUM uses stiction to its advantage and grips onto the surface.
The design was then improved upon in [50, 53] , in which a rotating magnetic field is used instead of an alternating field. This change allows the robot's fabrication procedure to be simplified, where both magnetic portions of the body can be aligned uniformly while keeping the same type of motion. The newer design was shown to be capable of moving predictably in dry environments over multiple complex terrains and even up inclines of up to 45 • . The magnetic fields were produced using a 8-coil system (MFG-100-i, MagnebotiX AG, Schlieren, Switzerland) capable of producing fields in any direction of up to 20 mT and rotation frequencies of over 20 Hz. The µTUM fabrication procedure consists of photolithography steps using SU-8 photoresist and magnetic particles. First, the SU8-50 photoresist (Microchem) was doped with NdFeB magnetic particles (Magnequench MQFT 5 µm, Neo Magnequench) and spin-coated onto a Silicon wafer creating a thin layer. Next, the wafer is exposed to UV light using a mask corresponding to the robot's geometry in a mask aligner. Lastly, the non-polymerized areas are removed in a bath of SU-8 developer (Microchem Inc., Westborough, MA, USA) and the wafer is then cured in an oven in order to harden the polymer. After the microrobot's fabrication is completed, the µTUM are removed manually from the Silicon wafer using tweezers and a utility knife. Then, the magnetic particles within the SU-8 are aligned in the same direction using a strong magnetic field (9 T), greatly improving the microrobot's magnetic polarity and response to lower magnetic field strengths.
µTUM Mobility Experiments
Experiments were conducted to assess the mobility of the µTUM in complex terrain as well as in different inclines. The incline tests were conducted in both dry and wet conditions and evaluated on a pass/fail basis. The dry air tests received more focus because the lack of buoyancy forces and the significant presence of electrostatic forces makes climbing significantly harder. It was shown [50] that the microrobot is capable of going over a maximum inclination of 45 • in dry conditions on paper. In wet conditions, it was shown that the microrobot is capable of climbing inclines of at least 60 • in water and silicone oil. The possibility that the robot could be swimming was ruled out after it was observed that the robot did not move forward after losing contact with the surface.
Since the microrobot's hard magnetic design was achieved using magnetic particles, its magnetic poles can be aligned along any direction, so long as the fabrication procedure permits it. Therefore, two different modes of tumbling modes can be achieved based on the alignment direction: lengthwise tumbling (LT) and sideways tumbling (ST). If the magnetic particles are aligned along the µTUM's major axis, it will perform LT under a rotating magnetic field, whereas when the particles are aligned along the minor axis, ST will occur. Under the same external rotating magnetic field, a LT µTUM will travel faster, however it required more force to be raised up from its initial rest position due to the longer moment arm. Figure 3I -c presents the µTUM's performance over complex terrains, which were 3D printed, and their respective dimensions. Performance over the three 3D printed terrains was similar, and with a slightly lower mean speed. That is due to the fact that these surfaces bump or tilt the robot off to the side during motion, slightly increasing the course of travel. All of the tests were performed with 10 mT field strength at 0.5 Hz. Using the LT motion, the µTUM was able to traverse the first three surfaces shown in Figure 3I -c, however it had difficulty getting up from the initial resting position on the honeycomb terrain. After switching to a µTUM configured for ST, the honeycomb terrain became much easier to traverse ( Figure 3I-c,iv) .
µTUM Biomedical Applications
One of the possible biological applications for those robots is targeted drug delivery, using the microrobot as a means to delivering a drug payload to a desired location in the body. In order to test this capability, the diffusion characteristics of a fluorescent payload coating of the microrobot was quantified. The µTUM were coated and placed in a phosphate buffered saline (PBS) solution, then monitored over time. Figure 3II -a shows a vial with the microrobot and the diffusion of the fluorescent solution over time. As seen, it is clear that the coating diffuses as desired over time, so in the future, a drug can be used as a payload. This way, the microrobot can be moved to the desired drug delivery location, and the drug will be released once the coating is dissolved.
In order to be used for such biomedical applications as desired, it is imperative that the materials the microrobot is made out are biocompatible. To assess the short-term cytotoxicity of the doped SU-8 used to fabricate the µTUM, cells were put in contact with both SU-8 and SU-8 with magnetic particles and studied for a few days. The cell proliferation on these materials was compared to a positive and negative control. Figure 3II -d shows the results of the cytotoxicity tests, and it is shown that both the SU-8 and the SU-8 with magnetic particles allow for the proliferation of cells, which means they are biocompatible.
Next, the locomotion of the µTUM was tested in a biological environment (in situ murine colon) and imaged using a high-frequency ultrasound system (Vevo3100, FUJIFILM VisualSonics, Toronto, ON, Canada). Figure 3III shows a time-lapse of the microrobot traversing in a dissected murine colon in a saline solution. For the in-situ tests, the colon was filled with solution and sutured on both ends to ensure the liquid would stay within the colon. The ultrasound images were acquired using B-mode long-axis images of the mid and distal regions [54] . These experiments showed that the microrobot is able to traverse in a murine colon environment and ultrasound is a viable imaging technique for the µTUM inside the body.
Micro-Force Sensing Mobile Microrobots (µFSMM)
Overview of the Microrobot Design
Further than addressing the mobility challenges in the microscale, we also investigated adding a sensing mechanism to our wireless mobile microrobots. The ability to sense at the microscale is of great importance for the development of new technologies, however sensors at this scale are usually extremely expensive and hard to implement on general systems. The full potential of mobile microrobots can only be realized through the addition of on-board sensing capabilities and closed-loop control. Therefore, we incorporated a vision-based micro-force sensor onto a mobile magnetic microrobot [55, 56] . This sensor consists of a compliant structure with measurable stiffness and a vision-based tracking algorithm, which are used in conjunction to measure applied forces. The resulting micro-force sensing mobile microrobot (µFSMM) is believed to be the first sub-millimiter scale wireless microrobot with real-time, on-board micro-force sensing capabilities.
The vision-based force sensor relies on a compliant polydimethylsiloxane (PDMS) spring end-effector with a stiffness low enough that it is capable of applying µN-level forces. The compliant structure is attached to the robot's rigid silicon body and has a specialized rigid end-effector on the opposite end, as shown in Figure 4I -a. Furthermore, a magnetic Nickel body is attached on the back of the µFSMM, allowing its motion to be controlled by an external gradient magnetic field. The first generation of µFSMM started as a millimiter-scale version, which was then minimized in later generations. The overall footprint from generation 3 and on remained the same, however, the body's shape was changed and colored fiducials and colored PDMS springs were added in order to achieve faster real-time tracking.
Currently, it is possible to tailor the compliant structure's stiffness depending on application, to create specialized microrobots for specific tasks. Additionally, application specific end-effectors can be added. In regards to the force-sensing capabilities, the µFSMM are able to measure sub-µN level forces with a sensing range greater than 100 µN. The microrobot is actuated using a gradient magnetic coil system, which allows for position and orientation control. Using control algorithms, the µFSMM can be actuated autonomously and provide precise pushing forces at precise locations, as well as perform automated micromanipulation with path planning and obstacle avoidance.
In order to fabricate these microrobots, standard microfabrication techniques are employed. The procedure consists of a series of multiple photolithography steps followed by positive deep reactive ion etching (DRIE) that are repeated until the entire microrobot is completed. The photolithography step patterns the compliant structure on the wafer, and the DRIE creates a trench of the same shape. PDMS, a soft polymer, was poured onto the wafer, creating the desired compliant structures. By adjusting the base/curing agent ratio, it is possible to tune the stiffness of the PDMS structure. The same photolithography process followed by etching was repeated to create the rest of the microrobot, such as the silicon body and colored fiducials (in [57] ). At the end of the process a backside etching was used to release the µFSMM from the wafer. The nickel (Ni) magnetic body was fabricated separately by a chemical etching process (Fotofab) and then manually glued to the back of the silicon body.
In order to be used as a force sensor, the compliant structures needed to be calibrated and their stiffness measured. The calibrations are conducted using a micro-force sensor (FT-S1000, FemtoTools, Buchs, Switzerland) mounted on a XYZ micromanipulation stage (MP-225, Sutter Instruments, Novato, CA, USA). The stage was moved to specific locations and the forces measured by the sensor are recorded as well as the deflections of the compliant end-effector. Force versus displacement plots were created for both x and y directions, and the stiffness of the microrobot in each direction was extracted using the slopes of these calibration plots. The µFSMM were then ready to be used as a mobile microrobotic micro-force sensor. It is actuated by a gradient magnetic field generated by two pairs of electromagnetic coils arranged symmetrically along a common axis. The microrobots are placed inside a petri dish with a liquid solution (water or silicone oil) within the workspace of the coil system and an overhead camera is used to provide real-time tracking and force sensing.
Microrobot Capabilities and Applications
Using the magnetic coil system described above and control algorithms based on the overhead camera images, the microrobots gained multiple modes of applications, including autonomous movement with path planning, autonomous micromanipulation and force application, manual micromanipulation with real time force feedback, and even structure stiffness measurement. With path-planning, the user can set desired goal positions for the microrobot or for a structure to be manipulated, and the algorithm will be able to control to µFSMM to the goal, while avoiding obstacles and taking the most efficient route. Another possible use is to set a desired position and force for the microrobot to apply, and the microroobt will autonomously traverse to the goal location and apply the desired number of pushes at the set force level. This allows the microrobot to be used for mechanobiology studies investigating how cells develop based on the force applied to its cell membrane [59] . For biomanipulation, both manual and autonomous modes can be used, and force thresholds can be put in place in order to prevent damage to the object being manipulated. Figure 4II shows the manual manipulation of a micropart with real-time force feedback using color tracking.
Once the force applied is greater than a set threshold, the screen turns red and the user knows to reduce force. As a result, the user can perform similar micromanipulation tasks while exposing the object being manipulated to minimal forces. Figure 4III shows the autonomous manipulation of a disk (simulating a cell) to a desired goal location while avoiding obstacles. With these capabilities, cells can be arranged in a desired manner, or even sorted by type. Additionally, Figure 4IV shows the autonomous application of a user set force on a desired location. On a measurement note, the µFSMM can be used to measure the stiffness of other structures that it interacts with, due to its compliant structure with known stiffness and vision tracking algorithm. This is done by correlating the force applied to the desired object and its deflection observed with the overhead camera. This is particularly useful for diagnosis purposes, whereas cancerous cells are usually stiffer than healthy ones [60] .
Independently Controllable Microswarms
One of the biggest limitations of magnetic gradient actuation is its global influence on the workspace, which limits the capability to robustly control multiple microrobots in the workspace. Over the years, researchers have investigated different approaches to get around this limitation. Pawashe et al. [61] proposed to use electrostatic anchoring of a microrobot preventing the desired microrobots from moving while another is actuated using the global magnetic field. Another popular approach is to utilize the heterogeneity among different microrobots when actuated by the same global magnetic field. Diller et al. [62] have utilized the non-uniformity of the robots to control them somewhat independently with the global magnetic field in a pushing based manipulation operation. Frutiger et al. [8] developed a microrobot with two non-identical nickel bodies with same magnetization direction. By introducing non-uniformity in the robots, the authors managed to obtain the control of two different robots. DeVon and Bretl [63] have developed a controller for these microbots with carefully introduced heterogeneity that is able to move the robots in different speeds to the desired directions with same global input. However, an inherit coupling of the robot behavior still exists when exploiting homogeneity. Wong et al. [64] came up with an individual magnetic field region for the robots where they can be controlled independently. However, their approach suffers from occasional singularity and faces difficulty in fine control of the robot. Yu et al. [65] [66] [67] have used electric fields to independently manipulate and control nanowires in fluid suspension. However due to their small size, the actuation force is limited, which poses a barrier to manipulation of micro-objects. Other works showcase the steering and flow control of micro-objects in microfluidic chips [68, 69] . The focus in our work is on open environments.
The approaches presented above either suffer from undesired coupling or singularities, which limits their ability to scale up in terms of the number of microrobots individually and independently controlled, as well as greatly limits the manipulation capability of these microrobots. Our research is motivated by alleviating the microrobots from these constraints that emanate from global actuation methods. Instead, we have created a system capable of generating local magnetic fields strong enough to manipulate microrobots in their vicinity but not strong enough to affect the behavior of other robots in the workspace. The system consists of a substrate with an array of planar microcoils, in which we can independently control the current direction and magnitude of each coil. The size of the coils and robots are designed so each coil only actuates a microrobot in its vicinity, creating a magnetic system for independent microrobotic control. Table 1 shows the evolution of our microcoil array platforms in terms of size and manipulation capability. The first generation platform consists of 64 microcoils arranged in a 8 × 8 array. Each coil can generate forces that either push the microrobots towards or away from the center of the coil. Hence, to provide directionality to the actuation, multiple microcoils need to be sequentially activated based on the position of the robot in the workspace. We have developed a heuristic based planning algorithm that not only computes the desired paths for the robots to the respective goal locations but also determines the coils that need to be activated along with the required current and the polarity [70] . We have demonstrated autonomous navigation of two mm-scale robots moving independently towards their respective goal locations by activating a selective number of coils that influence only the motion of the robot in their vicinity ( Figure 5I-a) . Using an 11 × 11 version of the millimeter scale platform, more complex experiments were performed, in which up to four robots were actuated independently. Figure 5I -b shows the starting, intermediate, and final positions of the robots, respectively, as well as traces displaying past locations for one particular experiment. Furthermore, the ability of the system to perform an assembly task was demonstrated, as shown in Figure 5I -b. In these experiments, 3D printed end-effectors were fixed to the robots and used to assemble two hexagonal pieces in a specific assembly location. First, robot 1 moved its piece to the assembly location then returned to its initial position, at which time robot 2 moved the final part to the assembly location, thus completing the process.
To reduce the robot size we can independenlty control, we replaced the planar mm-scale microcoil with copper wire strips in the second generation system (µm-scale v1 on Table 1 ). The current direction and magnitude in each micro strip can be controlled independently. We have demonstrated independent actuation of multiple microrobots less than a milimeter in size with this system [70] . However, due to the monolithic arrangement of the microstrips, the actuation force is higher in Y-direction relative to the X-direction and thus the independent movement of the microrobots is limited to the Y-direction. Our heuristic planning algorithm models this disparity in actuation force as action uncertainty and computes paths that have higher actuation force in reaching the goals.
Our most recent platform addresses the disparity in actuation force in X and Y directions by introducing another layer of microstrips on the substrate in an orthogonal direction (µm-scale v2 on Table 1 ) [73] . With the new array of microstrips, it can generate uniform actuation force in both X and Y directions. We use the same planning algorithm to compute the path as well as to determine the current and polarity of the coils to generate desired actuation forces. For these coil systems, the forces generated in the workspace were not capable of orientation control of the permanent magnetic disk robots, which can make manipulation very limited. The force generated on a robot by a set of microcoils is applied along its centroid, and for a simple disk magnet, the centroid coincides with the center of mass. By offsetting the centroid and the center of mass, the net force on the robot is similar to a force-moment couple acting on the center of mass, as shown in Figure 5II . Therefore, using a specially fabricated robot with a tail to offset its center of mass opposite of a flat manipulation force, the coil system can be used for orientation and position control, greatly increasing the manipulation capabilities of the system. Figure 5III shows the micromanipulation of a part in which orientation control is used in order to change the location and pose of the micro-part [73] .
As shown, the developed system allows for the independent control of multiple microrobots in the same workspace, allowing for parallel execution and/or cooperation when executing manipulation tasks. Since the actuation is performed by the microcoils (mm-scale system) or micro strips of wire (µm-scale system), the magnetic fields created are small. This necessitates the use of permanent magnetic material in the microrobot designs. The repulsive forces from the permanent magnets limit the separation distance between the microrobots, which ultimately limits the number of microrobots that can work together in the same workspace.
Conclusions and Future Outlook
Microrobots with functional components can be used in an extensive variety of tasks at the microscale, ranging from biomanipulation to force sensing to targeted drug delivery. We have demonstrated three different microrobot designs that are capable of navigating in multiple challenging workspaces as well as measuring microforces by interacting with the environment. Actuating these robots with a global magnetic field is a great way of achieving wireless control while keeping the microrobot's footprint small, however it significantly limits the capabilities to control multiple microrobots independently in the same workspace. To enable this, we have developed a local magnetic field generating system that, along with heuristic based planning algorithms, is able to control multiple microrobots independently. Microrobotic work is incredibly versatile and has tremendous potential future impact in many fields, such as in biology, advanced manufacturing, and medicine.
In regards to the applications demonstrated to date, the primary goal of the µMAB was simply locomotion of a wireless, microscale robot. The other microrobots and systems discussed have much more interesting applications. For the µTUM, we were able to demonstrate locomotion in complex terrains in both wet and dry conditions. Additionally, it was shown that the microrobot itself is biocompatible and that we are able to coat and diffuse solutions in a medium, showing promise for in-vivo drug delivery applications. Lastly, ultrasound was shown to be a good imaging method and the µTUM was able to traverse the inside of a mouse colon. In the case of the µFSMMs, we were able to demonstrate real-time micro-force feedback to the user, as well as, autonomous movement with path-planning, autonomous manipulation, and force-controlled application of a desired force at a target location. It has also been able to use it to safely manipulate live cell spheroids in a collagen medium. The microrobot swarm systems presented have been able to demonstrate independent actuation, micromanipulation, and temporal microassembly tasks with the mm-scale system and micromanipulation with orientation control with the micro-scale system. While many solutions have been discussed, there is still tremendous room for improvement and development of new technologies to realize fully functional mobile microrobotic systems with the capabilities of traditional macro-scale robotics. In the area of microrobotics for in vivo applications, the building blocks are present, as shown by the amount of functionality of the µTUM, however there is still the need of an integrated system that will be able to make use of all of the features of such microrobots simultaneously and be able to perform specific tasks in the body. In order to do that, a bio-hybrid design is a possibility, in which biological entities are merged with synthetic microrobots. This will combine the advantages of each. One step along this path is the coating of microrobots with an antibody so only a very specific type of cell or biological entity will attach itself to the microrobots body.
Other hybrid type designs can combine different types of on-board actuation or sensing. Regarding microrobots used for micromanipulation, such as the µFSMMs, active actuators can be added to the robot that act independently from the microrobot's magnetic locomotion, in order to create active end-effectors for various applications. The combination of different types of actuation and sensing methods is imperative for the development of functional microrobots executing complex tasks.
For the independent control of multiple microrobots, the use of magnetic strips of wire, as shown in Section 5, is approaching its limits of minimization and actuation capabilities. This is due to the magnetic interactions between the microrobots, which become more significant the closer the microrobots are to each other. Novel workspace and microbot co-design is crucial for the development of independent control of large numbers of magnetic microrobots using local magnetic fields. With such improvements, microrobots will be able to perform parallel complex tasks with higher efficiency.
